In this paper, we explore texture mapping as a unified representation for enabling realistic multimodal interaction with finelydetailed surfaces. We show how both normal maps and relief maps can be adopted as unified representations to handle collisions with textured rigid body objects, synthesize complex sound effects from long lasting collisions and perform rendering of haptic textures. The resulting multimodal display system allows a user to see, hear, and feel complex interactions with textured surfaces. By using texture representations for seamlessly integrated multimodal interaction instead of complex triangular meshes otherwise required, this work is able to achieve up to 25 times performance speedup and reduce up to six orders of magnitude in memory storage. We further validate the results through user studies to demonstrate the effectiveness of texture representations for integrated multimodal display.
• An extended system using relief maps;
The mapping of both normal and displacement maps to simpli-118 fied geometry for the purposes of haptic feedback has also been 119 explored [15] . Dynamic deformation textures, a variant of dis-120 placement maps, can be mapped to create detailed objects with 121 a rigid center layer and deformable outer layer. The technique 122 has been extended to allow for 6-degree-of-freedom (DOF) hap-123 tic interaction with these deformable objects [16] . A common 124 approach to force display of textures is to apply lateral force 125 depending on the gradient of a height map such that the user 126 of the haptic interface feels more resistance when moving "up-127 hill" and less resistance when moving "downhill" [17, 18] mented and catalogued [23] .
221
There are some real-world examples of haptic illusions which 222 are relevant for simulating slope and depth. In the "curved 223 plate" illusion, a flat edge rolled over a fingertip at about 1 Hz 224 produces the sensation that the edge is curved. As described ear-225 lier, previous work on simulating haptic textures also relies on 226 haptic illusions: applying only lateral forces to a haptic probe 227 can create the sensation of a vertical height difference.
228
In these illusions, the changing direction of normal force 
This process is highly dependent on the normal vectors of each 
The PHANToM now needs to apply the proper feedback force 
384
With this technique, stability can be concern in some cases. an acceptable tradeoff for improved stability.
394
We use a simplified model to interact with dynamic objects.
395
The PHANToM's corresponding pen appearance in the environ-396 ment is added as an object in the rigid-body physics simulator.
397
Whenever this pen comes in contact with a dynamic object, the 398 physics simulator computes the forces on the objects needed to 399 separate them. We can directly apply a scaled version of this 400 force to the haptic device. This ignores torque as our 3-DOF In order to perform modal analysis, we represent the objects 415 using a discretized representation such as a spring-mass system 416 or a tetrahedral mesh. The dynamics of the object can be repre-
417
sented with the system of differential equations:
r is a vector of displacements from the given starting positions,
419
which are assumed to be at rest. f is the vector of external forces 420 applied to the system. M and K are the mass and stiffness ma- 
This momentum is calculated every time an object's contact 
Relief Map Representation

486
As an extension to the modalities described above which 
535
A simple example is illustrated in Figure 4 , where a rect- Twelve participants volunteered to take part in this study 664 experiment. Each subject was trained on how to use the PHAN-
Haptic Interface with Relief Maps
665
ToM and was given some time to get used to the system by 666 playing in a test scene (see Figure 7 , top row). The subject then 667 completed a series of six trials. In each trial, a material for the 668 surface was chosen at random, and all aspects of it except its 669 visual appearance were applied. That is, the subject would be 670 able to feel the surface's texture with the PHANToM, hear the 671 sound generated from ball and PHANToM pen contacts, and 672 see the rolling ball respond to ridges and valleys on the surface.
673
The subject was able to cycle through each material's visual ap- 
687
This study utilizes sensory conflict to guide the subjects to 
ID rate Time (s) Ease (1-10)
All modes 78% 38 ± 18 7.9 ± 1.3 No sound 81% 46 ± 45 4.9 ± 2.2 No haptics 54% 41 ± 23 3.6 ± 1.8 No physics 72% 47 ± 58 6.4 ± 2.6 Table 2 : Results comparing effectiveness when limiting the available modes of interaction in the texture identification user study. "Ease" is evaluated by the subjects where 1 is difficult and 10 is easy. When using all modes of interaction, subjects were generally able to identify the material more frequently than when only using two modes and reported that they found identification to be easiest when all modalities of interaction were engaged.
selected the visual appearance of a flat, smooth wooden sur- Figure 5 shows the materials chosen for the user study. The 698 subjects were allowed to look at each of these textures before 699 the trials began, but were not able to feel or hear them. Some of 700 these were specifically chosen to be challenging to distinguish. 
Experimental Results
702
In Guesses (%) account time for correct guesses. The "ease" was provided by 707 the subjects on the questionnaire, where they were asked to rate 708 on a scale from 1-10 how easy they found it was to identify the 709 material for each combination of modes of interaction. Higher
710
"ease" scores mean the subject found it easier to identify the 711 material.
712
In all cases, the identification rate was higher than 50%,
713
and usually much higher than that. Overall, these results demonstrate that each mode of inter- but that distinction could have been important for these tasks.
783
Within such a context, a 78% rate for identifying the correct 784 material out of ten options appears rather promising, and signif-785 icantly better than random selection.
Always Frequently Occasionally Rarely Never Reported accuracy (1-10) Haptics 88% 0% 6% 0% 6% 9.3 ± 0.9 Sound 34% 22% 22% 11% 11% 7.6 ± 1.4 Physics 29% 6% 47% 6% 12% 7.3 ± 2.6 Table 3 : Texture identification study: Results from question asking how often subjects used each mode of interaction and question asking how well each mode represented the materials (10 is very accurate). 
817
The subjects were not informed that some surfaces would 818 have relief maps and some would have normal maps, nor were 819 they specifically told to consider the depth of the surface. Fur-820 thermore, no subject ever saw both the normal and relief ver- suggesting a moderate preference of relief maps.
853
In plification.
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